The helix propagation and N-cap propensities of the amino acids have been measured in alanine-based peptides in 40 volume percent trifluoroethanol (40% TFE) to determine if this helix-stabilizing solvent uniformly affects all amino acids. The propensities in 40% TFE are compared with revised values of the helix parameters of alanine-based peptides in water. Revision of the propensities in water is the result of redefining the capping statistical weights and evaluating the helix nucleation constant with N-capping explicitly included in the helix-coil model. The propagation propensities of all amino acids increase in 40% TFE relative to water, but the increases are highly variable. In water, all P-branched and P-substituted amino acids are helix breakers. In 40% TFE, the propagation propensities of the nonpolar amino acids increase greatly, leaving charged and neutral polar, P-substituted amino acids as helix breakers. Glycine and proline are strong helix breakers in both solvents. Free energy differences for helix propagation (AAG) between alanine and other nonpolar amino acids are twice as large in water as predicted from side-chain conformational entropies, but AAG values in 4 0 % TFE are close to those predicted from side-chain entropies. This dependence of AAG on the solvent points to a specific role of water in determining the relative helix propensities of the nonpolar amino acids. The N-cap propensities converge toward a common value in 40% TFE, suggesting that differential solvation by water contributes to the diversity of N-cap values shown by the amino acids.
constant (Schoitz et al ., 1991; Rohl et al., 1992) , helix propagation propensities , and N-cap propensities (Doig & Baldwin, 1995) . Data for helix propensities in protein helices are available from site-directed mutagenesis experiments (Horovitz et al., 1992; Blaber et al., 1993) . Comparison of the peptide and protein results shows some similarities and some puzzling differences. Although the rank order of helix propensities is similar in the peptide and protein systems, the range of values is nearly ten-fold larger in alanine-based peptides (see Chakrabartty et al., 1994, and Discussion) . In order to better understand the Reprint requests to: Carol A. Rohl, Department of Biochemistry, University of Washington, Box 357742, Seattle, Washington 98195-7742; e-mail: rohl@u.washington.edu. 3Present address: Department of Biochemistry, University of Washington, Seattle, Washington 98195-7742.
Abbreviations: CD, circular dichroism; FF' LC, fast protein liquid chromatography; TFE, trifluoroethanol. relation between peptide and protein results, it is important to compare the results of peptide helix experiments made with peptide fragments from helical segments of proteins. Recently, Muiioz and Serrano (1994) addressed this problem by using a statistical approach to derive a common set of parameters for both protein fragments and alanine-based peptides from data in the literature.
Peptide fragments from proteins show low helix contents in water, which limits the usefulness of comparing protein fragments with alanine-based peptides. A standard solution to this problem is to add TFE to induce helix formation by peptide fragments of proteins (see Nelson & Kallenbach 1986 , 1989 Segawa et al., 1991; Sonnichsen et al., 1992; Storrs et al., 1992; Waterhous & Johnson, 1994; Hamada et al., 1995; and references therein) . This procedure raises the problem of how the helix-coil parameters measured in water are related to those measured in TFE:H20 mixtures. Does adding TFE uniformly enhance the helix propensities of the amino acids? Which amino acids are still helix breakers in the presence of TFE? To investigate the effects of TFE on the helix propagation and N-cap propensities of the amino acids, the helix contents of 36 alanine-based peptides have been determined in 40 volume percent TFE. For many peptides, adding TFE produces an increase in helix content up to, but not beyond, 40% TFE (Nelson & Kallenbach, 1986; Sonnichsen et al., 1992; Jasanoff & Fersht, 1994; Albert & Hamilton, 1995; Hamada et al., 1995) . The reason for this behavior is not well understood. Because 40% TFE usually produces the largest obtainable increase in helix content, this TFE concentration has been chosen for our study.
The helix propagation and N-cap propensities of the amino acids in 40% TFE determined here are compared with revised values of the helix parameters in water. Although helix propagation and capping propensities of the amino acids in water have been previously determined using alanine-based peptides Doig & Baldwin, 1995) , two major considerations have prompted us to reevaluate the helix parameters in water. First, the values of the helix nucleation parameter determined earlier by circular dichroism (Scholtz et al., 1991) and by hydrogen exchange (Rohl et al., 1992) were found before the Lifson-Roig (Lifson & Roig, 1961) theory of the helix-coil transition was modified to include N-and C-capping (Doig et al., 1994) . Explicit inclusion of capping changes the definition of the nucleation equilibrium constant and consequently affects the values of the helix parameters. We show here that when N-capping is accounted for, the helix nucleation parameter (v2) decreases from 0.0023 to 0.0013 and the helix propagation propensities ( w ) are increased fairly uniformly by approximately 10%. Second, in the model used previously to describe N-and C-capping (Chakrabartty et al., 1993b; Doig et al., 1994) , the capping free energy contributes to the stability of some random coil conformations as well as stabilizing helical peptide conformations. Revising the model to make the description of capping more physically reasonable causes the range of the N-cap parameters ( n ) for the amino acids to decrease substantially.
Helix-coil transition theory
The model used to treat the helix-coil transition is based on the Lifson-Roig theory (Lifson & Roig, 1961) , which defines residues in the helical (h) conformation as those that have dihedral angles consistent with helix formation. Residues whose dihedral angles are not consistent with helix formation are defined as being in the nonhelical (c) conformation. A residue is defined as a C, with peptide bonds on both sides. In an unblocked peptide, the number of residues, Nr, is two less than the number of amino acids. In a blocked peptide, N , is equal to the number of amino acids. In the random coil, both the h and c conformations are allowed. When three consecutive residues ( i -1, i , i + 1) are in the h conformation, a helical hydrogen bond is formed between the peptide CO of residue i -2 and the peptide NH of residue i + 2. Thus, the helix nucleus, or cooperative unit, is three residues, and a helical segment consists of an unbroken stretch of three or more residues in the h conformation. The complete partition function for the helix-coil transition is determined by summing the statistical weights of all possible conformations of the chain. The c conformation is the Lifson-Roig reference state and is assigned a statistical weight of 1. Residues that are in the helical conformation, but not hydrogen bonded, are assigned weight u. Residues in the h conformation with an associated i -2, i + 2 hydrogen bond are assigned the propagation parameter w.
To extract thermodynamic parameters from the Lifson-Roig statistical weights, the statistical weights of helical segments must be compared with the statistical weight of the random coil. The random coil is defined as all conformations that do not include helical segments. One or two contiguous residues in the h conformation do not comprise a helical segment and instead are part of the ensemble of random coil conformations. In the random coil, consequently, a residue can be in either the c or h conformation, and the weight of a random coil residue can be approximated as (1 + v ) (Qian & Schellman, 1992) . The equilibrium constant for adding a residue to an existing helical segment is the ratio of the weight of the residue when it is part of the helix to that when it is part of the random coil:
To nucleate a helix, three consecutive residues must be converted from the random coil conformation to the helical conformation. In addition, one residue on each side of the helix must be fixed in the c conformation in order to terminate the helix. The equilibrium constant for nucleating a helix is, therefore, the ratio of the weight of the helix nucleus to that of the random coil of five units: (Qian & Schellman, 1992) .
The Lifson-Roig model has been previously modified to include simple N-and C-capping interactions that depend only on the identity of the residue at the N-cap or C-cap (Doig et al., 1994) . In the original modification, a capping residue was defined as one in the c conformation adjacent to a residue in the h conformation. Although a nonhelical residue adjacent to a helical segment fulfills this definition, some residues in the random coil will also meet this criteria because both the c and h conformations are allowed in the random coil. According to this description, the capping statistical weight is applied not only to helical segments, but also to random coil segments. Consequently, the capping weights, n and c, are not related to interaction free energies in a straightforward manner. In addition, it becomes difficult to relate the intrinsic helix parameters w and o to propagation and nucleation equilibrium constants because the weight of a random coil residue can no longer be approximated as (1 + v).
Here we have modified the description of simple capping interactions in the current Lifson-Roig-based model to eliminate the contribution of the capping weights to random coil conformations. The N-cap position is defined as the nonhelical residue immediately N-terminal to a helical segment and is the first residue with a hydrogen-bonded peptide CO. Analogously, the C-cap residue is defined as the nonhelical residue immediately C-terminal to a helical segment and is the last residue in the helix with a hydrogenbonded peptide NH. We define the statistical weights n and c as relative equilibrium constants for placing a particular residue at the N-cap or C-cap position of a helical segment:
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Alanine adjacent to the helical segment is the reference for both N-capping and C-capping interactions. Capping interactions are assumed to occur only when a helical segment of at least one hydrogen bond is formed. Consequently, the capping weights n and c are applied only to nonhelical residues that are adjacent to at least three consecutive residues in the h conformation. When simple capping interactions are added to the Lifson-Roig formalism according to this model, the equilibrium constant for nucleating a helix becomes w 2nc/( 1 + v )~.
The advantage of the original definitions of the capping weights is that correlating the conformations of three consecutive residues is sufficient to identify both N-cap and C-cap units. Three residues are not sufficient, however, to identify the ends of a helical segment because the smallest helical segment, chhhc, is five units long. Assignment of the newly defined capping weights, which are applied only to nonhelical units adjacent to helical segments, requires correlating the conformation of five consecutive residues.
Modifying the definition of the capping weights, consequently, makes partition function calculations more computationally demanding, because a larger correlation matrix is required. We were convinced, however, to modify our treatment of capping after a discussion with Dr. Niels Andersen (pers. comm.), who had independently concluded that the original definition of the capping statistical weights allowed capping free energies to contribute to random coil conformations.
The statistical weights described above can be combined in a 16 X 16 correlation matrix (not shown) that represents all possible conformations of five consecutive residues. This matrix can be reduced to a 6 X 6 matrix, shown below, in which the row labels indicate the conformation of residues i -2, i -1, i, and i + 1, and the column labels indicate the conformation of residues i -2, i, i + 1, and i + 2: and V t is its transpose. Properties of the system, such as the average number of hydrogen bonds formed, (nH), or the probability that the peptide NH of residue i is hydrogen bonded, f B ( i ) can be calculated from the partition function.
Results

Re-evaluation of the helix parameters in water
The introduction of capping into the original Lifson-Roig model changes the equilibrium constant for nucleation from u 2w/( 1 + u )~ to ncu2w/(I + u)~. Consequently, the value of u2 must change when capping is included in the model, in order for the free energy of nucleation to remain unchanged. We have redetermined u from the total NH exchange kinetics of a series of alanine-based peptides with the general sequence Ac-(AAKAA),Y-NH2 and chain lengths varying from 6-51 residues. These data were used previously (Rohl et al., 1992) to determine the value of u2 without taking capping into account. When u 2 is redetermined with capping included in the helix coil model, the determined value of u 2 decreases from 0.0023 to 0.0013 ( Fig. I) . This decrease partly reflects the fact that in these peptides the helix preferentially nucleates with acetyl in the N-cap position because acetyl is a strong capping group. The smaller value of the helix nucleation constant and the redefinition of the capping statistical weights necessitates re-evaluation of all helix propagation and N-cap propensities in water. The revised values of the helix parameters of the amino acids in water, determined using previously published mean helix contents of alanine-based peptides (Table I) , are given in Table 2 . Redefinition of the N-cap statistical weight has a significant effect on the N-cap propensities of the amino acids. The order of N-cap parameters is unchanged, but the range is significantly decreased relative to the values reported by Doig & Baldwin (1995) ( Fig. 2A ). The C-cap parameters are not re-evaluated here because C-cap interactions have been previously observed not to vary significantly among the different amino acids in water (Chakrabartty et al., 1993b; Doig & Baldwin, 1995;  see also Materials and methods).
The revised helix propagation propensities are largely unchanged, both in order and range, from those reported by Chakrabartty et al. (1994) . His+ is the only amino acid that shows a large change in helix propagation propensity. The helix propensity of His+ was previously determined using alanine-based peptides solubilized with either Lys (AK peptides) or Gln (AQ peptides) (Armstrong & Baldwin, 1993). The AQ peptides were observed to be less destabilized by a His+ substitution than the AK peptides. In redetermining the helix propagation propensity of His', we have used only the AQ peptides in which unfavorable charge-charge interactions should be minimized. For all other amino acids, the revised values of the helix propagation propensities are approximately 10% larger than previously reported values ( Fig. 2B ). residues. The data are taken from Rohl et al. (1992) . Time * is an adjusted time scale that corrects for small differences in the measured pH* of different samples (Rohl et al., 1992) . The solid lines are the best fit of the helix-coil model and Equation 3 to the data. The fitted parameters are ( w ) = 1.50, (v2) = 0.0013. '10 mM sodium chloride, pH 7.0. "10 mM sodium chloride, pH 2.5.
I ' I
10 mM sodium chloride, pH 5.0. "10 rnM sodium chloride, pH 8.5.
Peptide design and helix contents in TFE
have helix contents in the range of 20-80%, so that small changes in free energy result in significant changes in ellipticity. All the Most of the peptides used in earlier studies of helix formation in sequences studied are alanine-based with charged residues inwater have helix contents in 40% TFE that are too high to be useful cluded for solubility. A single tyrosine is included for concentrafor determining helix or N-cap propensities (see Materials and tion determination, and is separated from the rest of the sequence methods). The peptides studied here in 40% TFE are generally by glycine to eliminate aromatic contributions to the CD (Chakrashorter than sequences examined in water, and are designed to bartty et al., 1993a). The design of such peptides has been dis- cussed previously . Guest amino acids are substituted at one or more positions in each peptide. Tyr and Trp were not examined in 40% TFE because optical contributions from their aromatic side chains introduce large errors into measurements of helix content by CD (Chakrabartty et al., 1993a) .
The positions in which guest residues are substituted are selected both to minimize potential side chain-side chain interactions and to be sensitive to the parameter being determined. Helix contents of peptides with N-terminal substitutions are used to determine the N-cap parameter. This position is most sensitive to the N-capping propensity of an amino acid. Similarly, the helix contents of peptides with a centrally substituted guest residue are most sensitive to changes in the propagation parameter, w, because central residues have the highest probability of being embedded in a helical segment. The sequences and ellipticities of peptides studied in 40% TFE are given in Table 3 . The helix propagation and N-cap propensities in 40% TFE, determined by fitting the helixcoil model to the ellipticities of these peptides, are given in Table 4 .
Comparison of helix parameters in water and TFE
The helix propagation propensities of the amino acids, expressed as AG(he1ix) = -RT In[w/(l + u)], in 40% TFE and in water are compared in Figure 3 . As a group, the nonpolar amino acids show the largest increases, but the extent of the increase from water to 40% TFE is not uniform. Some of the charged (Glu-, His+) and neutral polar (Gln, Asn, Thr) amino acids also show large increases. The two strongest helix breakers in water, Pro and Gly, retain this property in 40% TFE and are not shown in Figure 3 . None of the nonpolar amino acids is a helix breaker in 40% TFE. Phe and Val, which are helix breakers in water, become helix neutral [w near 1, AG(he1ix) near 01 in 40% TFE. Among the charged and neutral polar amino acids, Lysf and Argf are helix neutral in both water and 40% TFE, and Asn also becomes helix neutral in 40% TFE. Glu and Gln become helix formers, while the other charged and neutral polar amino acids (Cys, Ser, Thr, His', 
Ellipticities, helix contents, chain lengths, and sequences of peptides used to determine helix parameters in 40% TFE
Asp-, and His+) remain helix breakers in 40% TFE. Thus, except for Gly and Pro, the helix breakers in 40% TFE contain P-substituted side chains with charged or neutral polar groups. The N-cap propensities of the amino acids in 40% TFE and in water are compared in Figure 4 . N-cap propensities in both water and 40% TFE are expressed relative to the propensity of Ala and are given as AAG(N-cap) = -RTln[n] (see Discussion). Although Gln is the worst N-cap residue in both water and TFE, it shows the largest change of all the amino acids, and in 40% TFE it is not significantly worse than Pro, which is a reasonably good N-cap residue in water. Ala remains near the bottom of the ranking of relative N-cap propensities in both solvents. The polar amino acids, which are strong N-cap residues in water (Asn, Ser, Thr), show fairly uniform changes in 40% TFE, as do Gly and the acetyl group. The changes in N-cap value from water to 40% TFE are quite variable among the amino acids, however, both in the mag-nitude and direction of the change. In one respect, the amino acids do show a common behavior: the N-cap values of all amino acids converge toward a common value in 40% TFE, yielding a substantially decreased range of propensities in 40% TFE compared with water.
Discussion
Helix parameters in water
There are two general effects of changing the definition of the capping weights and reevaluating all the helix parameters in water with capping explicitly included. The range of N-cap values is significantly decreased, but the relative order is unaffected. This change is expected because the capping free energy now contributes only to helical conformations, not to random coil conforma- interactions. Because the redefined capping statistical weights contribute only to helical conformations, the revised N-cap parameters reflect real free energies for stabilization of the peptide helix, relative to the random coil, by N-cap interactions. When N-capping is accounted for, the helix nucleation parameter ( v 2 ) decreases from 0.0023 to 0.0013 and the helix propagation propensities (w) are increased fairly uniformly by approximately 10%. Because the helix propagation propensities are determined from peptides with substitutions at central sites, changes in the N-cap propensities do not significantly affect the determined propagation propensities. Instead, the changes in the w-values are dominated by the revised value of u2.
The relative helix-forming tendencies of the amino acids in water are well-determined in the set of peptides in Table 1 . The observed helix contents of the alanine-based peptides indicate that the helix propagation propensity of Ala is substantially larger than that of Lys. This conclusion is also supported by the high helix contents observed for alanine-based peptides solubilized by either Gln or Arg. Kemp and coworkers have concluded, however, from short, template-nucleated helices that the helix propensity of Ala is close to 1, and that alanine-based peptides are helical because the solubilizing Lys residues have a high helical propensity (Groebke et al., 1996) . The helix content is not measured directly in the nucleated helices of Kemp et al. but is inferred from the cishrans ratio of the proline-based template. The measured temperature dependence of the cis/trans ratio of the template linked to a six residue alanine peptide gives the surprising result that the alanine helix does not melt with increasing temperature . Although the explanation for the differences observed between alanine-based helices and template-nucleated helices studied by Kemp and coworkers is unknown, the discrepancy is unlikely to be a direct result of helix nucleation by a template. Zhou et al. (1994) Figure 3 illustrates that many amino acids show substantial increases in helix propensity in 40% TFE relative to water. While most amino acids are helix breakers in water, only charged and neutral polar, p-substituted residues (in addition to Gly and Pro) remain helix breakers in 40% TFE. These large increases in propensity, however, cannot completely account for the extent of helix formation shown by protein fragments in 40% TFE. Table 5 gives the ellipticities, both in water and in 40% TFE, of three peptide fragments from 0-lactoglobulin studied by Hamada et al. (1995) ; the observed values are compared with ones predicted from the helix-coil parameters given here. The observed ellipticities in water are low but they are several times larger than the predicted values. This behavior occurs commonly and it is caused by the presence of helix-stabilizing side-chain interactions, including H-bonds, salt bridges, and nonpolar interactions (see Mufioz & Serrano, 1994; Chakrabartty & Baldwin, 1995; Creamer & Rose, 1995) . Table 5 indicates that some of these side-chain interactions still contribute to helix stability in 40% TFE. Measurements by Albert and Hamilton (1995) suggest that nonpolar side-chain interactions are still present in 40% TFE. Thus, the problem of relating helix formation in 40% TFE and in water involves sidechain interactions as well as the intrinsic helix propensities. Although all amino acids show some increase in helix propensity in TFE relative to water, the increases are highly variable, indicating that the helix propensities of the amino acids in 40% TFE are not related in a simple manner to their values in water. This result is not surprising. Several factors are involved in determining values of helix propensity and most of these factors undergo changes from water to 40% TFE (see below). The nonpolar amino acids provide a logical starting point for analyzing the factors that determine helix propensity. Neutral polar amino acids can interfere with helix formation by H-bonding to backbone CO and NH groups. Charged and neutral polar amino acids with short side chains are stronger helix breakers than ones with longer side chains, probably for this reason (Padmanabhan et al., 1996) .
Non-uniform increases in helix propensiry among the amino acids
Role of water in determining relative helix propensities of nonpolar amino acids
Three factors that change upon helix formation have been used to rationalize the differences in helix propensities of the amino acids: loss of side-chain conformational entropy, burial of nonpolar surface, and van der Waals interactions between the side chain and the helix matrix. The loss of side-chain entropy has been estimated in different ways by Rose (1992, 1994) , Blaber et al. (1994) , Lee et al. (1994) , and Wang and Purisima (1996) for the nonpolar amino acids. These different estimates agree with each other within a factor of 2, and the mean values agree within a factor of 2 with the observed values of AAG in water determined from alanine-based peptides (Fig. 5 ). The amount of nonpolar surface area buried upon helix formation shows only small differences for the various amino acids beyond C p (Richmond & Richards, 1978; Wang & Purisima, 1996) . Blaber et al. (1994) and Yang and Honig (1995) argue nevertheless that the differences are significant, while Wang and Purisima (1996) find that they are small compared with either the changes in side-chain entropy or the observed values of AAG.
The novel approach of computing the entire partition functions of the helix and the coil (Wang & Purisima, 1996) enables each of the individual factors contributing to the values of AAG to be dissected. On the whole, Wang and Purisima find close agreement between their predicted values of the differences between helix propensities in alanine-based helices and the observed values, al- though the agreement is not close in the case of AAG for Ala-Gly. They point out that the observed values of AAG are two-fold larger than the estimated values of -TAS(conf), and they attribute the difference to van der Waals interactions between the side chains and the helix matrix. Figure 5 provides additional evidence for the conclusion that the observed values of AAG in water are significantly larger than the estimated values of -TAS(conf). The observed values of AAG are two-fold smaller in 40% TFE than in water. Thus, the choice of solvent affects the observed values of AAG, which is not expected if the AAG values depend only on side-chain entropies. Why should the choice of solvent affect the differences between the helix propensities of the nonpolar amino acids? There have been two recent suggestions about how water might affect the relative helix propensities of the nonpolar amino acids. Ben-Naim (1991) and Yang et al. (1992) point out that the peptide CO group can still hydrogen bond to water after formation of an isolated helix, and this behavior affects the enthalpy of helix formation. Avbelj and Moult (1995) note that the dipoles of the peptide CO and NH groups interact unfavorably in the a-helical compared with the @-strand conformation.
Water dipoles interact with peptide dipoles in the backbone so as to relieve the unfavorable helical interactions. This behavior depends on access of water to the helix backbone, which is sterically hindered by P-branched and bulky nonpolar side chains. Avbelj and Moult (1995) argue that this effect should be an important determinant of the relative helix propensities of the nonpolar amino acids. Calculations by Wang and Purisima (1996) do not, however, support this suggestion.
Both effects, hydrogen bonding between water and peptide CO groups in the helix and screening of unfavorable peptide dipolar interactions in the helix by water dipoles, should make the helix stronger in water than in 40% TFE. The opposite behavior is observed, however, indicating that factors that favor helix formation in 40% TFE must dominate. A main favorable factor is strengthening the peptide hydrogen bond by reducing the extent of solvation by water of the peptide CO and NH groups in the coil form (reviewed by Cammers-Goodwin et al., 1996) . The fact that TFE has a lower basicity than water (Llinas & Klein, 1975) is an important factor in this behavior. Although strengthening of the peptide hydrogen bond is undoubtedly a main factor by which TFE promotes helix formation, it may affect the relative helix propensities of the amino acids, as well as causing general increases in helix propensity, because the access of water to the peptide backbone in the coil form depends on the size and P-branching of the side chain.
Comparison of peptide and protein helix propensities
It is relevant to consider whether peptide helix propensities measured in 40% TFE correlate better with protein results than values measured in water. Results are shown here only for T4 lysozyme (Blaber et al., 1993) because the results measured in alanine-based peptides correlate better with the T4 lysozyme data than with the barnase data (see Chakrabartty et al., 1994) . At first glance, there is little difference when protein data are compared with peptide helix propensities in either water or TFE (Fig. 6A) . The correlation coefficient for values determined in 40% TFE ( R = 0.89) is a trifle better than for those determined in water ( R = 0.85), but the range of peptide values in 40% TFE is larger than the range of protein values, just as in water, and the slope of the correlation line (1.6, versus 1 .O expected for exact correlation) is the same in 40% TFE as in water. A different picture emerges, however, when only the nonpolar amino acids are compared with protein helix results (Fig. 6B) . The slope of the correlation line relating the peptide and protein results is larger than 1 (2.4) in water, but in 40% TFE it is close to 1 (1.1) . The correlation coefficients in 40% TFE and in water are nearly the same when only the nonpolar amino acids are considered. Figure 6B suggests that 40% TFE does mimic in part the mixture of buried and solvent-exposed environments experienced by protein helices (compare Waterhous & Johnson, 1 994).
Convergence of N-cap propensities in 40% TFE
In the Zimm and Bragg (1959) and Lifson and Roig (1961) theories, the N-cap residue is classified as a coil residue because it is half inside, half outside, the helix. As a coil residue, the N-cap amino acid does not affect the stability of the helix in traditional helix-coil models. Measurements of the frequencies of different amino acids at the N-cap position (Richardson & Richardson, 1988) show, however, that certain amino acids occur with high frequencies. Presta and Rose (1988) proposed that side chain-main chain hydrogen bonds at the ends of helices are important in stabilizing protein helices, and this effect can explain the high frequencies of Asn, Ser, and Thr at the N-cap position. Mutagenesis experiments on barnase (Serrano et al., 1992) show that Gly is considerably more helix-stabilizing than Ala at the N-cap position, which demonstrates that the N-capping phenomenon is not restricted to polar amino acids and suggests that access of water to unsatisfied peptide NH groups at the N-terminal end of the helix may be important.
The measured N-cap propensities in alanine-based helices are closely correlated with amino acid frequencies at the N-cap position in protein helices; the largest N-cap propensities observed for Asn, Ser, Thr, and Gly (Chakrabartty et al. 1993b Doig & Baldwin, 1995) . Each of the amino acids has a specific N-cap propensity. In 40% TFE, the hydrogen-bonding effectiveness of small polar residues is expected to increase, and thus the capping propensities of residues that form side chain-main chain hydrogen bonds (Asn, Ser, Thr) should increase. Conversely, the effect of differential access of water to the N terminus should decrease in 40% TFE, reducing the capping propensity of Gly. Because the N-cap free energy is defined relative to alanine in both water and 40% TFE, changes in N-cap propensity between water and 40% TFE are given relative to the change for alanine. Because we cannot determine whether alanine is a stronger N-cap residue in water or TFE, we cannot interpret the direction of the changes observed in the N-cap propensities. Relative changes among the amino acids, as well as the order and range of N-cap propensities observed in 40% TFE and water can, however, be directly compared. Relatively uniform behavior is observed for Asn, Ser, and Thr, suggesting that their hydrogen-bonding effectiveness may be a factor in the observed changes in N-cap value. The N-cap propensities of these small polar residues all decrease, however, relative to alanine. The convergence toward a common N-cap value supports the view (compare Jasanoff & Fersht, 1994) that water plays a central role in determining the diverse N-cap values shown by the amino acids. To test this postulate, N-cap values should be measured in the absence of water, for example, in pure TFE.
Materials and methods
Peptide synthesis and circular dichroism measurements
Peptides were synthesized by standard solid phase methods, using pentafluorophenyl esters of 9-fluorenylmethoxycarbonyl amino acids for all coupling reactions except for coupling reactions of Ser and Thr, where 3,4-dihydro-4-oxo-1,2,3-benzotriazine esters were used. The N termini were either acetylated with acetic anhydride or left unblocked. Rink resin (Advanced Chemtech, Louisville, KY) was used to provide carboxyamidated C termini. The peptides were cleaved from the resin with 95% trifluoroacetic acid, 5% anisole. Ethanedithiol and thioanisole were added if Cys was present. Peptides were purified by reverse phase FPLC. Peptide identity was confirmed by FAB mass spectrometry. The synthesis and purification of some peptides, as indicated in Table 3 , have been previously described (Chakrabartty et al., 1993a; 3993b; .
CD measurements were made on an Aviv 60DS spectropolarimeter in quartz cuvettes with 1 .O cm pathlengths and are reported as mean residue ellipticity in units of deg cm2 dmol-I. The concentration of peptide stock solutions was determined by measuring tyrosine absorbance at 275 nm in 6.0 M guanidine hydrochloride, 20 mM potassium phosphate, pH 6.5, using 6275nm = 1,450 M-l cm" (Brandts & Kaplan, 1973; Chakrabartty et al., 1993b) . Ellipticity at 222 nm, -was measured at 0 "C in 40% TFE, 100 mM sodium chloride, and I mM each of sodium borate, sodium citrate, and sodium phosphate. 0.1 mM dithiothreitol was added when Cys-containing peptides were examined. Acetylated peptides were measured at pH 7.0; unacetylated peptides were measured at pH 8.5 where the a-amino group is neutral and the €-amino groups of Lys residues are charged. The protonation state of the ionizable groups was verified by performing pH titrations on several unacetylated peptides. pK, values of the a-amino groups were found to vary between 7.0 and 8.0, depending on the identity of the N-terminal amino acid residue. The pK, value of the €-amino group of Lys residues was found to be relatively constant at 9.0.
Determination of the helix initiation parameter
The total NH exchange kinetics reported by Rohl et al. (1992) for a series of peptides of sequence Ac-(AAKAA),Y-NHz and chain lengths varying from 6-51 residues were used to redetermine the helix initiation parameter, u2, in water when capping is introduced into the helix-coil model. Equation 2, describing the relative proton occupancy, fo(t), as a function of time, was fitted to the exchange curves. The chemical exchange rate constant, kc, was held constant at 0.018 min", the value reported by Rohl et al. (1992) for the unstructured six-residue peptide in this series. The probability that residue i is hydrogen bonded,fB(i), is calculated from the helix coil model. n(Ac) was fixed at 5.9, the value determined below. n(K) was arbitrarily set to 1.0 because the calculated exchange curves are insensitive to the value of this parameter. All C-cap parameters were set to 1.0 (see below). The peptides were treated as homopolymers with respect to the helix nucleation and propagation parameters, and average values of (u') = 0.0013 2 O.OOO1 and (w) = 1.50 2 0.01 in water were fitted from the data using the program NONLIN (Johnson et al., 1981) on a Silicon Graphics Indigo. Reported errors are the 67% confidence intervals determined by NONLIN.
Use of helix-coil theory to predict ellipticity
The helix propagation and N-cap propensities for the amino acids in water and 40% TFE were determined by fitting the helix-coil model to the observed ellipticity of the peptides in Tables I and 3 . Ellipticity at 222 nm, Bobs, is assumed to be linearly related to mean helix content, fH:
where f f C = 640 deg cm2 dmol-' is the ellipticity of the random coil at 0°C (Scholtz et al., 1991b) . 6, = -42,500 m deg cm2 dmol" is the ellipticity of a complete helix of infinite length at 0 "C (Scholtz et al., 1995) . The term (1 -x/N,) is a correction to 0, for end effects, where x is the number of peptide COS that are not hydrogen bonded in a complete helix (Chen et al., 1974; Scholtz et al., 1991) . The N-terminal acetyl and C-terminal carboxamide blocking groups are assumed to be capable of forming helical hydrogen bonds. For carboxyamidated peptides, consequently, x = 3. The mean helix content of a peptide, fH, is defined as:
where (nH) is the average number of helical hydrogen bonds formed and N, -2 is the number of hydrogen bonds possible in a peptide with N , residues. Mean helix content, fH, is calculated from the helix-coil partition function and is a function of the chain length, Nr, and the helix parameters (w. v, n, and c) of the component amino acids.
C-cap interactions have been previously observed not to vary significantly among the different amino acids in water (Chakrabartty et al., 1993b; Doig & Baldwin, 1995) . In addition, most amino acids do not show strong preferences for the C-cap position in protein helices (Richardson & Richardson, 1988) . Consequently, all C-cap weights have been set to 1.0. The value of v 2 = 0.0013 determined above was used for all amino acids in both water and 40% TFE. The helix-coil transitions of alaninebased peptides with chain lengths of 7, 12, 17, and 22 residues, from 0-35% trifluoroethanol, can be fitted approximately with a constant nucleation parameter (P. Luo & R.L. Baldwin, pers. comm.) . This result indicates that the helix nucleation parameter does not change significantly between water and 40% TFE.
The N-cap parameters and helix propagation propensities of the amino acids are fitted from the peptide sequences given in Tables 1  and 3 . The peptide sequences used to determine the helix parameters in water or 40% TFE do not represent all amino acids equally. To minimize the effect of a biased data set, each helix parameter was fitted from the subset of data that is most sensitive to the parameter being measured as described below. In addition, some peptides are treated as homopolymers or partial homopolymers, with the host residues assigned an average helix propagation propensity. This approximation allows the helix parameters of a guest residue to be accurately determined without propagating errors in the helix parameters of the host residues into the parameters determined for the guest residues. Although some approximations have been used in evaluating the helix parameters, the set of determined parameters and the complete model without approximations reproduce the helix contents of the peptides in the data set well with a RMS deviation between observed and predicted fH of 0.039 in water and 0.043 in 40% TFE.
All nonlinear least-squares fitting was accomplished using NON-LIN, and 67% confidence intervals were evaluated when such error analysis could be performed. Confidence intervals were generally within ?15% of the fitted parameter value. When only a single measurement of a particular parameter was made, the error was estimated by calculating the effect of uncertainty in both the measured ellipticities and the value of 0,. An uncertainty of a 2500 deg cm2 dmol" error in the ellipticity of a test peptide corresponds to a 10% error in the determined value of the helix propagation propensity of a guest residue substituted in a central position of a reference peptide with mean helix content of 70-80%. An uncertainty in the value of 6, of 2 1,000 deg cm2 dmol" translates into an error of ? 1-2% in helix content for peptides with helix contents between 40 and 60%. Accounting for this additional source of error, we estimate the error of the helix parameters is approximately 5 15% of the determined value.
As peptides approach 100% helix content, the error introduced by uncertainty in the value of 6, results in much larger uncertainties in helix content. In addition, at very high helix contents, the values of the helix parameters are less sensitive to changes in helix content. These two factors make it very difficult to obtain accurate helix parameters from peptides with high helix content, and it is for this reason that the helix parameters in 40% TFE are determined from a different set of peptides than those used to determine the helix parameters in water.
Determination of helix parameters in water
Helix propagation and N-cap propensities in water were determined from the mean helix contents of the peptides in Table 1 . N-cap parameters were determined from the peptides in the series NX-GY17. NA-GY17 serves as the reference and substitutions were made at the most N-terminal position in the test peptides. The peptides in the NX-GY 17 series were treated as partial homopolymers with w(A,K) = 1.503 and w(G) = 0.048. The average value of w(A,K) was determined by fitting the ellipticity of the reference peptide, NA-GY 17. The N-cap parameter of Lys+ is arbitrarily set to 1.0 because the calculated helix contents are insensitive to the value of this parameter. w(G) was determined as described below. The N-cap parameter of the substituted amino acid, or acetyl group, was fitted from the measured ellipticity of the test peptide. w(G) was determined from the helix contents of peptides YGGAK, YGG-G17, YGG-G12, and YGG-G7. YGGAK serves as the reference peptide in this series, and the test peptides contain single glycine substitutions at interior positions. The peptides were treated as partial homopolymers with w(A,K) = 1.580, n(G) = 3.9, n(Ac) = 5.9, and n(K) = 1.0. The average value of w(A,K) was determined by fitting the helix content of the reference peptide YGGAK. The N-cap parameter of Lys+ is arbitrarily set to 1.0 because the calculated helix contents are insensitive to the value of this parameter. The N-cap parameters of glycine and the acetyl group were determined as described above.
The determination of the best values of v 2 , w(G), n(G), and n(Ac) are interdependent: the fitting of the exchange data to determine v requires knowledge of n(Ac); determination of the N-cap parameters requires knowledge of v 2 and w(G); and determination of w(G) requires knowledge of the value of v 2 , n(Ac), and n(G). These parameters, consequently, were iteratively fitted according to the procedures described above until a self-consistent parameter set was obtained.
All of the peptides in the data set are alanine-based, with
Lys and Gln residues included for solubility. Consequently, the w-values of Ala, Lys+, and Gln are relatively well determined and can be fitted from the subset of peptides that contains only Ala, Lys+, and Gln at central positions: YGAK, YGGGAK, AcA-GY 12, YGG-1 Q, YGG-3Q, 2Q-GGY, N2Q-GGY, Qref, Q 12, YG-ZC17, YGGAK, YGG-G17, YGG-G12, YGG-G7, NQ-GY 17, NA-GY17, Ac-GY18, YG-ZC17, NG-GYl7, NK-GY17, and NY-GY17. These peptides were treated as heteropolymers. N-cap parameters were fixed at the values in Table 2 and the helix propensities of Ala, Lys+, and Gln were simultaneously fitted from the data.
Helix propagation propensities for Cys', Phe, Ile, Leu, Met, Asn, Pro, Gln, Arg+, Ser, Thr, Val, Trp, and Tyr were fitted using only the helix contents of peptides containing single or multiple Ala + X substitutions at central sites. For example, the helix propagation propensity of Leu was fitted from the helix contents of peptides YGG-IL, YGG-3L, 2L-GGY, and N2L-GGY. The peptides were treated as heteropolymers with all parameters except the w-value of the substituted amino acid set to the values given in Table 2 . Because the N-cap parameter of Cys' was not determined, it was arbitrarily set to 1 .O. The reported helix propagation parameter for Cys', consequently, is an apparent value. The helix propensity of Pro cannot be determined from this data set because the only peptide with a proline substitution (YGG-IP) shows no measurable helix formation. Consequently, only an upper limit for the value of w(P) can be estimated. The helix propensities of Asp-, Asp', Glu-, Glu', His+, His', and Arg+ were determined from the helix contents of peptides that contain a single charged residue for Ala substitution in a neutral alanine and glutamine host peptide. The interaction between the charged residue and the helix dipole is not explicitly included in the model described here, although this interaction is partially taken into account by the N-capping Propensities. In determining the helix propagation propensities of these charged residues, we used only peptides in which the charged residue is substituted at a central position in order to minimize contributions from chargehelix dipole interactions. These peptides do not have the tyrosine separated from the helix by glycine residues, and consequently the tyrosine is expected to contribute to the ellipticity at 222 nm (Chakrabartty et al., 1993a) .
The peptides were treated as homopolymers with an average w value assigned to all residues except the single charged residue. N-cap propensities for residues other than the acetyl group and the single charged residue are arbitrarily set to 1.0 because the calculated helix contents are insensitive to these parameters. An average value of w(A,Q) = 1.359 was determined by fitting the helix content of the reference peptide AQhost. The helix propensity of the charged residue was fitted from helix contents of the peptides containing single substitutions. The N-cap parameters for His+, Glu', and Asp' were not determined and were arbitrarily set to 1 .O. The fitted propagation parameters for these residues consequently are apparent values of w.
Determination of helix parameters in TFE
Helix propagation and N-cap propensities in 40% TFE were determined from the mean helix contents of the peptides in Table 3 . N-cap parameters were determined from the peptides in the series NX-GY12. NA-GY12 serves as the reference and substitutions were made at the most N-terminal position in the test peptides. The peptides in the NX-GY 12 series were treated as partial homopolymers with w(A,K) = 2.323, w(G) = 0.098, and n(A,K) = 1.00. The average value of w(A,K) was determined by fitting the ellipticity of the reference peptide, NA-GY 12. w(G) was determined as described below. The N-capping parameter of the substituted amino acid, or acetyl group, was fitted from the measured ellipticity of the test peptide.
Helix propagation propensities for Leu, Ile, Met, Asn, Gln, Ser, Thr, Val, Phe, His+, His', and Cys' were fitted from peptides in the X-AR12 series. Test peptides contain single Ala + X substitutions at a central site. The peptides were treated as partial homopolymers with w(A,K) = 2.1 12 and n(A,K) = 1.00. The average w(A,K) was determined from the ellipticity of the reference peptide A-AR12. The propagation parameter, w, of the substituted amino acid was fitted from the measured ellipticity of the test peptide. For Phe, His+, His', and Cys', N-capping parameters are not determined and were arbitrarily set to 1 .O. The reported propagation parameters consequently are apparent values of w.
The helix propagation propensities for Arg+ and Lys+ were determined from peptides in the X-AQ12 series. The peptides were treated as partial homopolymers with w(A,Q) = 2.699 and n(A,Q) = 1.0. w(G), n(Ac), and the N-cap parameter of the substituted amino acids were held constant at the values given in Table 4 . The average w(A,Q) was determined from the ellipticity of the reference peptide A-AQ12. The propagation parameter, w, of the substituted amino acid was fitted from the measured ellipticity of the test peptide. w(A) was fitted from the helix contents of the reference peptides NX-GY, A-AR 12, A-AQ 12, and AKl2. The peptides were treated as heteropolymers with all helix parameters except w(A) held constant at the values in Table 4 . Apparent w-values for Asp-and Glu-were determined from the peptides AE12 and AD12, respectively. The peptides were treated as heteropolymers with all parameters except for w (D) or w( E) held constant at the values given in Table 4 . N-cap parameters for Asp-and Glu-were arbitrarily set equal to 1.0. The reported propagation parameters are consequently apparent values of w.
Because Gly and Pro are strong helix breakers, 12-residue alaninebased peptides with single Gly or Pro substitutions are expected to have very low helix contents. The helix propensities of Gly and Pro consequently cannot be well determined from peptides of this design. Instead, single Gly or Pro substitutions were made at central positions in longer, more helical peptides. The peptides in the YGG-X series were treated as heteropolymers with all helix parameters except for w(G) or w(P) held constant at the values in Table 4 . n(Y) is not determined by the peptides in this data set and is arbitrarily set equal to 1.0. The determination of w(G) requires the knowledge of n(Ac), n ( K ) , n(G), w(K), and w(A). w(G), however, is a constant in the determination of these helix parameters. Furthermore, n(Q), n(R), w(Q), and w(R) are constants in the determination of w(A). Consequently, the propagation parameters for Ala, Gly, Lys+, Gln, and Arg' and the N-cap parameters for acetyl, Gly, Lys+, Gln, and Arg+ were iteratively fitted until self-consistent values were obtained. dently concluded that the description of capping should be modified, and we acknowledge his discussion. FAB mass spectra were provided by the Mass Spectrometry Facility, University of San Francisco, supported by NIH grant RR 01614. This work was supported by a grant from the National Institutes of Health (GM 31475). rated some i, i + 3, and i, i + 4 side-chain interactions into the implementation of the Lifson-Roig based formalism. An independent implementation of this model has also been derived (B.J. Stapley & A.J. Doig, pers. comm.) . Addition of side-chain interactions to the Lifson-Roig theory has been previously described (Stapley et al., 1995; Scholtz et al., 1993) . The statistical weights p and q are defined as equilibrium constants for i, i + 4, and i, i + 3 side-chain interactions, respectively, such that AG(i, i + 4) = -RT ln [p] ( 5 4 AG(i, i + 3) = -RTIn[q] (5b)
Side-chain interactions are assumed to occur when the interacting residues and all intervening residues are in the h conformation: pi-2.i+2 is assigned to the central residue, i, in the quintet hhhhh and qi-2,r+l is assigned to the central residue, i, in the quintets hhhhh and hhhhc. Interactions occurring between the residues at N-cap and N3 positions (capping boxes ; Harper & Rose, 1993) are incorporated into the helix model (A. Chakrabartty, A.J. Doig, B.J. Stapley, CAR unpubl.) through the statistical weight, r, which is defined as the equilibrium constant for the capping interaction in the background of a complete helix: AG(capping box) = -RT In [.] (6)
The statistical weight ri-2.i+l is assigned to the central residue, i, in the quintets chhhc and chhhh. Residues i -2 and i + 1 are the N-cap and N3 residues, respectively. The reference for all sequencespecific interactions is alanine at both interacting positions. The assignment of statistical weights to particular quintets is accomplished by making the following replacements of elements in matrix M i above:
( 1 3 1 ) = ~;~i -2 , i + 2 q r -2 . i + 1 (132) = wi q i -2 . i + 1 ci-1
(3,1) = wi ri-2.i+1n,-1
(3,2) = w i ri-2.i+l n i p , When all interaction parameters ( p , q, r) are set to 1.0, this model reduces to the model described in the Helix-coil transition theory section above. The complete parameterization of the model, including the pairwise interactions described above, is currently underway in the laboratories of A.J. Doig and J.M. Scholtz.
